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ABSTRACT

The assessment of the hydromorphological condition of river corridors represents an established approach for evaluating the
quality of fluvial systems. However, the potential to utilize existing hydromorphological assessment protocols and their indicators
for the evaluation of ecosystem services remains largely unexplored. This study examines the applicability and robustness of such
an indicator — transfer approach using two hydromorphological assessment protocols developed in Czechia (HEM and HYMOS),
linked to the CICES 5.1 classification framework. The approach was tested across eight morphologically distinct reaches of the Becva
River, encompassing channelized, renaturalized, and restored segments. Relevant hydromorphological indicators were successfully
identified and assigned to eight selected ecosystem services, including regulating, cultural, and provisioning categories. The com-
parison of HEM and HYMOS, including their respective indicator sets and the resulting ecosystem service assessments, showed
that the HYMOS-based transfer generally yielded estimates reflecting a higher ecosystem service capacity. The results also indicate
substantially higher ecosystem service capacity in renaturalized and restored reaches, a pattern that is particularly pronounced in
the process-oriented HYMOS protocol. At the same time, the study highlights notable uncertainties in the assessment of cultural
ecosystem services based solely on hydromorphological indicators. These services are strongly influenced by human perception,
suggesting that their robust evaluation requires the integration of sociological data, including stakeholder surveys and participatory
research. Overall, the findings demonstrate that hydromorphological assessment protocols can serve as a practical and conceptually
consistent basis for the at least a preliminary evaluation of ecosystem service capacity associated with habitat quality, hydrological
functioning, and channel-floodplain structure in river corridors.
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1. Introduction

Despite extensive anthropogenic modification result-
ing from long-term human pressure across most Euro-
pean regions (Scorpio et al. 2024), rivers and their
floodplains remain critical landscape components.
They provide unique and irreplaceable habitats of
high ecological value and function as essential sourc-
es of freshwater for human populations, industry, and
agriculture (del Tanago 2021; Jakubinsky et al. 2021).
The growing need to protect and restore landscapes
(riverscapes) culminated at the pan-European legis-
lative level in the adoption of the Water Framework
Directive, which established an integrated framework
for the protection, management, monitoring, and
ecological improvement of surface waters across the
European Union. To determine the type and degree of
modification and regulation of rivers and floodplains,
numerous hydromorphological assessment protocols
have been developed across European countries, pro-
viding structured frameworks for evaluating chan-
nel and floodplain alteration (e.g., Raven et al. 1998;
Habersack 2000; Rinaldi et al. 2013a). Following the
adoption of the Water Framework Directive, hydro-
morphological assessment became an integral com-
ponent of ecological status evaluation, supported by
the Common Implementation Strategy (CIS) guid-
ance on reference conditions and pressures affecting
surface waters (EC 2003a; EC 2003b). As hydromor-
phological assessment methodologies continued to
evolve across Europe, several comparative studies
evaluated their strengths, limitations, and conceptu-
al differences, highlighting substantial variation in
indicators, spatial scales, and assessment approaches
among national methods (Rinaldi et al. 2013b; Bel-
letti et al. 2015). These developments contributed
to a gradual shift from habitat-centered assessments
towards process-based approaches that better reflect
river dynamics and hydromorphological functioning
(Rinaldi etal. 2013a). This shift has subsequently been
incorporated into recent European standards such as
EN 14614:2020 and EN 15843:2025, which empha-
size hydrological, sedimentary, and morphological
processes, connectivity, and river dynamics across
multiple spatial scales (Gurnell et al. 2014). Despite
continuous methodological advances, the application
of hydromorphological assessment protocols remains
associated with several challenges. The interpretation
of indicators and the evaluation of river conditions
inevitably involve a degree of expert judgement, which
may introduce observer-related variability. Conse-
quently, the reliable application of hydromorpholog-
ical assessment methods requires adequate training
and calibration of assessors to ensure consistent
and comparable results across different river types.

Over the past two decades, five hydromorpholog-
ical assessment protocols have been progressively
developed also for the evaluation of Czech riverscapes
(Demek et al. 2007; Matougkova 2008; Sindlar 2009;

Langhammer 2014; Babej et al. 2024). However, to
date, unfortunately none of these methodologies has
been systematically implemented within the formal
river basin planning process. A major step towards
the practical implementation of hydromorphologi-
cal assessment within river basin management was
achieved with the approval of the HYMOS methodolo-
gy (Babej et al. 2024) by the Ministry of the Environ-
ment of the Czech Republicin 2025. The methodology
was developed in accordance with the requirements
of the Water Framework Directive and reflects recent
European developments in hydromorphological
assessment, including the principles embedded in the
current standards EN 14614 and EN 15843. It pro-
vides a basis for hydromorphological assessment and
subsequent reporting within the river basin manage-
ment planning framework coordinated by the Minis-
try of the Environment.

Ecosystem services (ES) are defined as the benefits
that people obtain from ecosystems (Millennium Eco-
system Assessment 2005). Following the IPBES Glob-
al Assessment Report (2019), the traditional concept
of ecosystem services has been increasingly replaced
by the broader and culturally inclusive framework of
Nature’s Contributions to People (NCP), as formal-
ized in the IPBES glossary and adopted in subsequent
assessments. Within the framework of the CICES, these
contributions (benefits) are typically grouped into
provisioning, regulating and maintenance, and cul-
tural services (Haines-Young, Potschin 2018). A fun-
damental assumption underlying this concept is that
fluvial ecosystems in good ecological and hydromor-
phological condition, such as structurally and func-
tionally intact rivers and floodplains, possess a higher
capacity to deliver a broader range and higher levels
of ES, particularly regulating and maintenance ser-
vices (Jakubinsky and Cudlin 2018; Kaiser et al. 2020;
Petsch et al. 2023). This relationship is underpinned
by the fact that hydromorphological processes and
forms constitute a fundamental biophysical basis for
the generation of many riverine ecosystem services.
Channel-floodplain connectivity, sediment dynamics,
hydrological variability, channel planform diversi-
ty, and the presence of morphological features such
as gravel bars, side channels, or large wood directly
influence flood attenuation, nutrient retention, water
purification, habitat availability, and biodiversity sup-
port (Zhang et al. 2022; Schmidt and Albert 2025).
Consequently, hydromorphological indicators may
be interpreted not only as descriptors of river condi-
tion, but also as proxies reflecting the capacity of river
ecosystems to provide selected ecosystem services.

Although the relationship between hydromorpho-
logical condition and ecosystem service provision is
increasingly recognized (Grizzetti et al. 2016; Miiller
et al. 2022), practical applications explicitly linking
hydromorphological assessment frameworks with
ecosystem service evaluation remain relatively scarce.
One notable example is the HyMoCARES project,



Comparative evaluation of Czech hydromorphological assessment protocols 3

which explored relationships between river morphol-
ogy and ecosystem services in Alpine river systems
(Carolli et al. 2018). Nevertheless, the potential of
existing hydromorphological assessment protocols
and their indicators as direct proxies for ecosystem
service capacity remains largely unexplored.
Nevertheless, the assessment of ES provided by
river corridors remains methodologically challenging,
particularly in contexts where systematic biophysical
and socio-economic data are often lacking to precise-
ly quantify service quality or magnitude (Hanna et al.
2018; Sousa er al. 2024). Some recent studies have
explored the use of remote sensing techniques to spa-
tially and temporally detect the presence and dynam-
ics of selected ES within river corridors (Keele et al.
2019; Polednikova et al. 2025). While such approach-
es offer valuable large-scale monitoring capacity, the
potential of existing hydromorphological assessment
protocols to serve as a source of ecosystem service
proxies remains largely unexplored. Developing a
framework that translates specific hydrogeomorpho-
logical parameters into ecosystem service indicators
would therefore be highly beneficial. Such an approach
could facilitate a more integrated and efficient use of
existing monitoring data, allowing hydromorpho-
logical assessments to contribute simultaneously to
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ecosystem service evaluations and reducing the need
for separate data collection efforts.

The aim of this study is to evaluate whether hydro-
morphological indicators derived from river assess-
ment protocols can be transferred into an ecosystem
services framework and used as proxies for selected
ecosystem services. To achieve this, we identify and
analyze hydromorphological indicators embedded
within the two most recent assessment protocols
applied to Czech rivers (HEM: Langhammer 2014;
and HYMOS: Babej et al. 2024) and assess their rele-
vance for estimating the capacity of river corridors to
provide selected ecosystem services. The study seeks
to evaluate the applicability and robustness of this
indicator-transfer approach under real-world condi-
tions by testing it along a 23-km-long river reach com-
prising morphologically diverse channel sub-reaches
subject to contrasting management regimes.

2. Materials and methods

2.1 Studied reaches and their hydrogeomorphic
evaluation

The workflow is designed to apply and critically test
two hydromorphological assessment protocols with
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Fig. 1 Geographic position of the study reaches.
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Tab. 1 Basic characteristics of evaluated channel reaches.

mm Channel characteristics Floodplain characteristics

occurrence of boulder ramps

Channelized and narrowed reach (riprap embankments), Urban settings (Valasské Mezifici city), highly modified
CH1 61.5-58.8 .
occurrence of boulder ramps floodplain
Channelized and narrowed reach, occurrence Floodplain forest consisted of natural species,
CH2 58.8-54.2 -
of boulder ramps agriculture land
Floodplain forest isted of natural i
RN1 54.2-52.5 Renaturalized widened reach with a few large wood pieces o? plain forest consisted o .na ura. species, .
agriculture land, a few ponds in the right floodplain
CH3 525-471 Channelized and narrowed reach (riprap embankments), Floodplain forest consisted of natural species,

agriculture land

RN2 47.1-45.6 of large wood from the banks

Renaturalized widened reach, intensive recruitment Floodplain forest consisted of natural species,

agriculture land

RE 45.6-43.3 Recently restored widened reach

Agriculture land dominates

CH4 43.3-40.2 Channelized reach (riprap embankments and walls)

Confined narrow urbanized floodplain (Teplice nad Bec¢vou
spa and village), highly modified floodplain

CH 40.2-38.2
> 0.2-38 presence of a weir with strong backwater effect

Channelized and narrowed reach (riprap embankments),

Urban settings (Hranice city), highly modified floodplain

respect to their capacity to capture not only structural
and process-based channel attributes, but also select-
ed ecosystem services. A 23.3-km-long segment of
the Bec¢va River (r. km 61.5-38.2 measured from the
confluence with the Morava River) was selected as the

case-study system, including eight spatially contigu-
ous yet morphologically contrasting reaches situated
between the cities of Valasské Meziti¢i and Hranice
(Fig. 1; Tab. 1). The study section includes urban-
ized segments, channelized reaches in rural settings,

Fig. 2 Representative photographs illustrating the main morphological characteristics of the study reaches: (a) channelized reach CH1;
(b) renaturalized reach RN1, developed following flood-induced embankment failures in 1997 and 2010; (c) recently restored reach RE;
and (d) channelized reach CH5, strongly influenced by backwater effects associated with a weir.



Comparative evaluation of Czech hydromorphological assessment protocols 5

renaturalized sections, and a recently restored reach
(Fig. 2). This longitudinal succession of structural-
ly and functionally distinct channel types provides
a robust framework for comparative assessment of
hydromorphological condition under contrasting
management and disturbance regimes.

The Becva is a major left-side tributary of the Mora-
va River (total catchment area is 1613 km?2), draining
a flysch-dominated sector of the Western Carpathi-
ans within the extent of the investigated segment.
The catchment lithology promotes an intensive, grav-
el-dominated bedload transport regime that histori-
cally supported the development of an anabranching
channel pattern prior to systematic channelization
during 20th century (Skarpich et al. 2019). Notably,
channelized reaches still retain lateral gravel bars,
indicating partial preservation of bedload-dominat-
ed transport regime. An exception is reach CH4 in
Hranice, where channel morphology is strongly influ-
enced by backwater effect induced by a high weir at
38.7 r. km. Two relatively short reaches (RN1, RN2)
experienced spontaneous renaturalization follow-
ing embankment failures during the extreme floods
of 1997 and 2010. These disturbances initiated sub-
stantial channel widening, increasing bankfull width
from the originally channelized 40-50 m to locally
up to 180 m. The widening was accompanied by the
development of extensive gravel bars, bank failures
and localized accumulations of large wood, reflecting
renewed lateral mobility and enhanced morphody-
namic activity. An additional reach RE was recent-
ly restored (2019-2022), transforming a formerly
channelized segment into a widened and shallower
section with enhanced morphological heterogeneity.
Hydrologically, the river exhibits a markedly variable
flow regime, characterized by a pronounced dispari-
ty between mean annual discharge and the one-year
recurrence interval discharge (14.8 and 219 m3/s
respectively; ca. 1:15), based on records from the
gauging station at Teplice nad Becvou (r. km 41.4
with contributing catchment area of 1275.5 km?2).
This high intra-annual flow variability exerts a strong
control on channel dynamics and sediment mobility
within the study reach.

The two most recent protocols developed to assess
the hydromorphological condition of Czech rivers
HEM (Langhammer 2014) and HYMOS (Babej et al.
2024) were selected for comparative evaluation. Both
frameworks are based on a semi-quantitative scoring
system that aggregates multiple parameters describ-
ing channel morphology and the adjacent floodplain.
The HEM methodology is primarily habitat-oriented,
with its monitoring design and assessment frame-
work derived from the original European standard
EN 14614:2005. It also relies on relatively strict defi-
nitions of reference (near-natural) conditions for
individual river types, based on historical sources,
particularly maps from the Second Austrian Military
Survey dating to the mid-19th century. In contrast, the

HYMOS methodology reflects advances in hydromor-
phological assessment incorporated in the updated
EN 14614:2020 standard, placing greater emphasis
on the evaluation of fluvial processes, connectivity,
and dynamic channel-floodplain interactions. Riv-
ers are considered as dynamically evolving systems,
which allows greater flexibility in defining reference
conditions and places greater emphasis on expert
judgement. In summary, HEM is particularly suitable
for capturing local morphological and habitat diversi-
ty, including channel structure and small-scale habitat
features. However, its application may be more lim-
ited when explicitly assessing process-based aspects
of river functioning, such as sediment continuity,
hydrological alteration, or migration permeability.
By contrast, HYMOS provides a stronger framework
for evaluating hydrological and sediment continuity
and other process-oriented components of hydromor-
phological quality. On the other hand, compared with
HEM, it provides less detailed information on small-
scale habitat structures within the channel. Both pro-
tocols classify complex hydromorphological condition
using a five-class ordinal scale. For the purpose of
direct comparison, the final scores were harmonized
and expressed on a unified scale ranging from 1 (high
hydromorphological status) to 5 (bad hydromorpho-
logical status).

2.2 Linking hydrogeomorphic indicators
to ecosystem services

In next step, individual scoring parameters derived
from the HEM and HYMOS protocols were integrat-
ed into an ecosystem service assessment framework.
The Common International Classification of Ecosys-
tem Services (CICES), version 5.1 (Haines-Young,
Potschin 2018), was adopted as a standardized and
widely applied classification system across diverse
landscape types, including river corridors. A trans-
fer scheme was developed to systematically link
hydromorphological indicators to eight selected
relevant ecosystem services, classified according to
the CICES 5.1 framework (codes provided in paren-
theses): (2.2.1.3) regulation of peak flows; (2.2.5.1)
control of erosion rates; (2.1.1.1) water purification;
(2.2.2.3) maintenance of nursery habitats (fish);
(2.2.1.3) regulation of runoff and baseflow; (4.2.1.2)
water supply (surface water as a material resource);
(3.1.1.1) recreation (physical use); and (3.1.2.1) aes-
thetic value. Within the CICES classification, services
coded under section “2” represent regulating services,
those under “3” correspond to cultural services, and
codes beginning with “4” denote provisioning servic-
es. The transfer procedure was grounded in expert
judgement developed through iterative discussion
among the co-authors, whose expertise spans fluvi-
al geomorphology and ecosystem service science.
Relevant parameters (indicators) from both hydro-
morphological assessment protocols were selected
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according to their functional relevance to each select-
ed ES. This selection of indicators was not arbitrary
but followed a process-based rationale. Indicators
were included only when a direct and scientifically
justifiable link existed between the assessed hydro-
morphological characteristic and the ecosystem ser-
vice considered. A similar expert-based approach was
adopted by Keele et al. (2019), who identified linkag-
es between landscape features and land-cover class-
es mapped from Google Earth imagery and selected
provisioning and regulating ecosystem services. In
contrast to their study, our approach uses indicators
derived from hydromorphological assessment pro-
tocols as proxies for ecosystem service capacity. For
example, indicators describing floodplain connectiv-
ity and hydrological alteration were linked to flood
regulation services, whereas indicators representing
channel heterogeneity, substrate diversity, and ripar-
ian vegetation were linked to habitat-related services.
All indicator scores were normalized to ensure com-
parability among indicators originating from different
assessment protocols. Specifically, original scoring
ranges (e.g., 0-12 or 1-4) were linearly transformed
to a standardized 0-100 scale. Weighting coefficients
were assigned based on estimated process relevance
of individual hydromorphological indicators to the
biophysical capacity of ecosystem services. The final
ES score for each reach was calculated as a weighted
sum of the normalized indicators. Higher composite
scores represent a higher capacity of the river reach to
provide the respective ecosystem service. Sensitivity
testing indicated that moderate variations in indicator
weights (+10%) did not substantially affect the rank-
ing of ecosystem service capacity among the assessed
river reaches. Under random modifications of the
weighting scheme, the maximum observed change
in the final ecosystem service score was 5 points on
a 0-100 scale, whereas the average change was only
0.7 point (standard deviation = 1.6).

3. Results

3.1 Comparison of hydromorphological
assessment protocols

Tab. 2 presents the hydromorphological assessment
results for the eight evaluated reaches. HEM and
HYMOS scores are reported as the original numerical
outputs of each protocol (i.e., 0-5 for HEM and 0-1 for
HYMOS) and harmonized classes.

Both HEM and HYMOS consistently identify high-
er hydromorphological quality in the renaturalized
reaches RN1 and RN2 (Class 2), reflecting enhanced
morphological complexity, greater lateral connectivi-
ty, and improved process-form coupling relative to the
channelized segments. In contrast, reach CH5, influ-
enced by backwater effects from a weir, was classified
in the poorest hydromorphological category (Class 5)

Tab. 2 Basic characteristics of evaluated channel reaches.

CH1

3.81 4 0.34 4
CH2 2.84 3 0.40 3
RN1 1.65 2 0.73 2
CH3 2.75 3 0.49 3
RN2 1.59 2 0.85 2
RE 2.54 3 0.82 2
CH4 3.06 3 0.27 4
CH5 3.51 4 0.18

by HYMOS, whereas HEM assigned it a comparatively
more favorable rating, similar to the other urbanized
reach CH1 (both classified as Class 4). This discrepancy
likely indicates a higher sensitivity of the process-ori-
ented HYMOS protocol to longitudinal discontinuity
and altered hydraulic conditions. Channelized reach-
es located in laterally unconfined valley settings, with
floodplains characterized by mixed agricultural and
forest land use, were consistently assessed as being
in moderate condition (Class 3) by both protocols.

3.2 Transfer of hydromorphological indicators
to ecosystem services

In the subsequent step, an expert-based evaluation
framework was applied to assign individual hydro-
morphological parameters (indicators), together
with weighting coefficients (0.1-0.4), to nine selected
ecosystem services (Tab. 3). The weighting scheme
reflects the assumed relative contribution of each
indicator to the functional provision of a given ecosys-
tem service. Within the HEM protocol, the indicator
channel width variability (VNI) was incorporated five
times across different ecosystem services, and bank
modification (UBR) was assigned four times. In the
HYMOS framework, the indicators channel planform
pattern (CPP), local hydrological regime alteration
(LHR), bank stabilization (BST), and riparian zone
and floodplain condition (RFC) were each applied
four times. It is important to acknowledge that certain
parameters may be conceptually substitutable, either
directly or indirectly, within and across the protocols.
For example, within HYMOS, floodplain erodibility
(FEC) may indirectly correspond to bank stabilization
(BST), as both indicators reflect aspects of lateral chan-
nel stability. Similarly, lateral channel mobility (BMK)
in HEM is functionally comparable to bank modifica-
tion (UBR), as both parameters capture the degree
of artificial confinement and the extent to which nat-
ural lateral adjustment processes are constrained.

Fig. 3 illustrates the intensity of individual eco-
system services derived from the indicator trans-
fer scheme (Tab. 3) for both HEM and HYMOS. The
results clearly demonstrate that higher ecosystem
service provision is consistently associated with the



Comparative evaluation of Czech hydromorphological assessment protocols

a) HEM b) HYMOS
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Fig. 3 Heatmaps of ecosystem service scores derived from the (a) HEM and (b) HYMOS protocols for the studied river reaches. Both panels
use the same 0—100 scale to allow direct inter-method comparison across service categories and reaches. Higher values indicate higher
ecosystem service provision. Abbreviations of ES correspond to Tab. 3.

renaturalized and restored reaches (RN1, RN2, RE), a
pattern that is particularly pronounced in the HYMOS-
based assessment. Both protocols identify the lowest
ecosystem service capacity in the downstream reach
CH5, which is strongly affected by the presence of a

high weir and associated impoundment effect that
alter flow dynamics, sediment transport, and longitu-
dinal connectivity. Relatively low ecosystem service
intensity was also recorded in the upstream chan-
nelized reaches located within the urbanized areas of

Tab. 3 Extended mapping of selected CICES 5.1 ecosystem services to hydromorphological indicators including weighting coefficients.

CICES Ecosyst(?m'serwce Hy‘dromorphologlcal HEM indicators (weight)? HYMOS indicators (weight)®
code (abbreviation) driver

2213 ﬁigglglzj;;] of peak flows Floodplain connectivity \CI)II\-I'IR(?:SA,) PIN (0.30), BMK (0.20), ;I\;:VLO(gOl)é)L,J?ERC(C()OZ]C.);,) LHR (0.20),
2211 :Ze()rr;:(ca)lnc))f erosion rates Za:hkasntgzlilgibi"ty E_IF/EI)K((()CZ%?), UBR (0.25), DNS (0.20), BST (0.40), LSC (0.30), CPP (0.30)
2111 x"’;ttiru‘:;”iﬁcaﬁo” ivr\‘/taetfar;gzl‘:dp'ai" \S/'I"\II:I) ((?)312)) PB'\'/\'G(((’(')?)')DNS (0.20), FIF (0.35), RFC (0.35), LHR (0.30)
2223 Maintenance of nursery Habitat structural VSK (0.15), VHP (0.15), DNS (0.15), STD CPP (0.20), CSV (0.20), RFC (0.20),
habitats (nurhab) complexity (0.15), MDK (0.15), BVG (0.15), UBR (0.10) | BST (0.15), MOR (0.15), LWC (0.10)
221 | pdmtennats [ Tonsemneee | oma o3, o0z | 03 4030, 029
42.1.1 zz':an::t‘g'::r(:j;jvat) Hydrological stability OHR (0.60), VNI (0.40) :w; ((?)21?) LHR (0.40), FIF (0.25),
saaa | ool e 020029 0B, a3 039, 71030
31.2.1 | Aesthetic value (aesth) lav:%rszi)l'llcr)agli:‘:zls;iiversity ;I;ﬁ ((8]3.;»)), UBR (0.30), BVG (0.20), (SZ:[F)’ :g;g;, RFC (0.30), BST (0.20),

aBMK is lateral channel mobility, BVG is riparian vegetation structure, DNS is bed substrate composition, MDK is in-channel large wood, OHR is
hydrological regime alteration, PIN is floodplain connectivity, STD is bedform structural diversity, TRA is channel planform modification, UBR is bank
modification, VHP is flow depth variability, VNI is floodplain land use, VPZ is riparian zone land use, VSK is channel width variability.

bBST is bank stabilization, BWE is backwater (impoundment effect), CPP is channel planform pattern, CSV is cross-sectional variability, FEC is floodplain
erodibility, FIF is floodplain inundation, LHR is local hydrological regime alteration, LSC is local sediment continuity, LWC is presence of in-channel large
wood, MOR is morphological alteration, RFC is riparian zone and floodplain condition, SED is bed sediment pattern, UHR is upstream hydrological

regime alteration.
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Fig. 4 Difference matrix of ecosystem service scores calculated as the difference between HYMOS- and HEM-derived
values (HYMOS - HEM). Positive values indicate higher ecosystem service intensity inferred from HYMOS,
whereas negative values reflect higher scores obtained from HEM. Abbreviations of ES correspond to Tab. 3.

reflecting morphological simplification and reduced
floodplain functionality.

A comparison of the two protocols, their respective
indicators, and the derived ecosystem service quality
indicates a general tendency toward higher ecosys-
tem service values when the HYMOS-based transfer is
applied, as illustrated by the difference matrix (Fig. 4).
Specifically, in 33 out of 64 cases, HYMOS-derived
values exceeded those of HEM by at least 10 points,
whereas in 13 cases the difference between the two
protocols was less than 10 points. In the remaining
21 cases, HEM produced values higher than HYMOS
by at least 10 points. Notably, the renaturalized and
restored reaches in the middle section (RN2 and RE)
were consistently evaluated more positively by the
HYMOS protocol, likely reflecting its higher sensitiv-
ity to process-based improvements in channel-flood-
plain dynamics. In contrast, cultural ecosystem ser-
vices (i.e., recreation and aesthetic value) were more
favorably assessed in the urbanized reaches (CH1,
CH4, CH5) when derived from HEM indicators, likely
due to their emphasis on structural attributes associ-
ated with accessibility and perceived channel stability.

4. Discussion

This study demonstrates that hydromorphological
assessment protocols developed for river condition
monitoring contain substantial latent information

relevant to ecosystem service provision. The system-
atic transfer of indicators from HEM and HYMOS pro-
tocols into the CICES 5.1 framework revealed consist-
ent spatial patterns of ES capacity along the studied
Becva River, when substantially higher quality of ES
was detected for recently renaturalized or restored
reaches.

It is noteworthy that, with the exception of Carolli
et al. (2018), practical applications explicitly trans-
ferring hydromorphological assessment indicators
into an ecosystem service framework remain largely
absent from the literature. Several studies have sug-
gested the potential of hydromorphological assess-
ments as proxy indicators for ecosystem services (e.g.
maintaining populations and habitats) (Maes et al.
2014; Grizzetti et al. 2016). However, these studies
did not address the direct use of individual hydro-
morphological indicators as inputs for ecosystem
service assessment. This gap is particularly striking
given the conceptual compatibility especially between
geomorphic process indicators and regulating ecosys-
tem services. The present study demonstrates that a
systematic transfer of hydromorphological indicators
to CICES classes is not only conceptually coherent but
also methodologically feasible within an operational
assessment framework. The normalization of heter-
ogeneous scoring ranges to a 0-100 scale, combined
with weighted aggregation, provides a transparent
and reproducible computational framework. Par-
tial functional overlap between certain indicators
(e.g., FEC vs. BST in HYMOS; BMK vs. UBR in HEM)
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reflects structural differences in protocol design but
also conceptual convergence in capturing core geo-
morphic controls such as lateral stability and chan-
nel mobility. This redundancy enhances confidence
that fundamental process domains are represented
across both assessment systems despite methodolog-
ical divergence. These findings suggest that standard-
ized hydromorphological assessments contain indica-
tors that can serve as proxies for ecosystem service
capacity. However, it is important to emphasize that
the resulting ES values are strongly dependent on the
conceptual transfer scheme applied. In this study, the
most frequently utilized indicators were those relat-
ed to channel width variability and channel planform
pattern, as well as bank modification or stabilization,
hydrological regime alteration, and the condition of
the riparian and floodplain zones across both assess-
ment protocols. Moreover, the weighting structure
assigned to individual indicators remains a source of
epistemic uncertainty, as the relative contribution of
specific geomorphic processes to ecosystem service
provision is not empirically uniform and may vary
across hydrological and geomorphic contexts.

In particular, renaturalized and restored reaches
(RN1, RN2, RE) exhibited markedly higher ES scores,
especially for regulating services. These findings sup-
port the premise that geomorphic process integrity
constitutes a fundamental control on riverine ES
capacity. Reaches characterized by widened channels,
extensive gravel bar formation, active bank erosion,
and large wood recruitment demonstrated enhanced
provision of services related to flow regulation,
sediment retention, hydrological storage, and habi-
tat maintenance (cf. Verdonschot and Verdonschot
2023). This pattern underscores the central role of
process—-form coupling in sustaining multifunctional
river landscapes. From the management perspective,
this also emphasizes arguments for process-based
restoration over cosmetic structural modifications
(Beechie 2010; Wohl 2024). On the other hand, the
strong degradation signal for CH5 detected in both
HEM and HYMOS indicates that impoundments
severely reduce ES capacity beyond hydropower or
bed stabilization trade-offs. Other urbanized reach-
es (CH1, CH4) exhibit reduced regulating ecosystem
services under both HEM- and HYMOS-based trans-
fers, yet comparatively higher cultural services when
derived from HEM indicators. This pattern indicates a
management tension between aesthetic accessibility
and geomorphic functionality. Structurally stabilized
channels may enhance perceived order, accessibility,
and recreational usability, while concurrently con-
straining lateral channel dynamics, floodplain con-
nectivity, and sediment transport processes that are
fundamental to regulating ecosystem services. The
discrepancies in cultural ecosystem service scores
between the two methodologies also point to a high
degree of uncertainty in defining and operationaliz-
ing these service classes. Cultural ES are inherently

perception-dependent and socially constructed, and
their evaluation may vary substantially across stake-
holder groups. Individuals with natural science back-
grounds may favor near-natural, morphodynamical-
ly active channel states, whereas residents living in
close proximity to rivers may prioritize engineered
flood protection measures (e.g., embankments) that
enhance perceived safety (Wyzga et al. 2009; Poled-
nikova and Galia 2020).

Several limitations must be acknowledged. First,
the assignment of indicators and weights to ES catego-
ries is based on expert judgment. The transfer of indi-
cators from hydromorphological assessments to spe-
cific ecosystem services benefits from collaboration
between both fluvial geomorphologists and ecosys-
tem service specialists, as was the case in this study.
Such an interdisciplinary approach helps ensure that
hydromorphological processes and ecosystem service
concepts are interpreted consistently. Nevertheless, a
degree of subjectivity remains unavoidable, particu-
larly in the selection of relevant indicators and the
assignment of their relative weights. This is large-
ly because ecosystem services are often difficult to
quantify directly and are commonly assessed through
proxy indicators and expert judgement rather than
direct measurements. Second, the derived ES scores
represent potential service capacity rather than quan-
tified service delivery. No independent validation was
conducted using ecological, hydraulic, biogeochem-
ical, or socio-economic data (e.g., nutrient retention
measurements, fish recruitment metrics or recrea-
tional use surveys). The results therefore reflect a
biophysical potential framework rather than realized
benefits. Finally, the transformation of ordinal hydro-
morphological scoring into continuous ES capacity
metrics assumes quasi-linear relationships between
score increments and ecosystem functioning. In reali-
ty, certain services may respond nonlinearly to thresh-
old changes in connectivity or inundation frequency.

Future research should prioritize multi-catch-
ment validation across contrasting geomorphic set-
tings (e.g., confined mountain streams or lowland
meandering rivers) to rigorously test the transfer-
ability and generalizability of hydromorphological
protocols as proxies for ecosystem service capacity.
Such comparative analyses would clarify the extent
to which process-based indicators retain predic-
tive power under differing sediment regimes, val-
ley confinement, hydrological variability, and recent
management approaches. In addition, independent
validation of ecosystem service proxies is essential.
Integration of biotic (e.g., fish and macroinvertebrate
assemblages), hydraulic (e.g., inundation frequency),
and biogeochemical (e.g., nutrient retention efficien-
cy) measurements would strengthen causal inference
between hydromorphological condition and regu-
lating or provisioning services. For cultural ecosys-
tem services, incorporation of sociological research
including stakeholder perception surveys and
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valuation studies would allow calibration of structur-
al indicators against perceived and realized benefits
(Sousa et al. 2024). Finally, the development of auto-
mated ecosystem service modules embedded direct-
ly within hydromorphological assessment protocols
represents a strategic challenge and opportunity.
Such integration would enable systematic inclusion of
ecosystem service metrics in river basin management
plans, particularly within the regulatory frameworks
of the Water Framework Directive and the EU Nature
Restoration Law. Embedding ES evaluation into exist-
ing assessment tools could substantially enhance the
policy relevance and operational uptake of ecosys-
tem-based river management.

5. Conclusions

The findings suggest that hydromorphological assess-
ment protocols may be successfully transferred into
an ecosystem services framework and used as prox-
ies for the preliminary evaluation of ecosystem ser-
vice capacity in river corridors, especially for services
strongly dependent on habitat quality and the phys-
ical functioning of fluvial systems. By systematically
transferring indicators into the CICES framework, it
is possible to approximate the spatial variability of
ecosystem service provision without the need for
extensive additional data collection. Despite inherent
uncertainties associated with the selection of indica-
tors and the assignment of weighting coefficients, the
results exhibit a high degree of internal consistency.
Reaches characterized by better hydromorphologi-
cal condition consistently displayed higher capacity
for regulating and provisioning ecosystem services.
The study also underscores the limitations of relying
solely on hydromorphological indicators for the eval-
uation of cultural ecosystem services. These services
are strongly influenced by human perception, acces-
sibility, and socio-cultural context, which are not ful-
ly captured by physical descriptors of channel and
floodplain condition. Consequently, the integration of
sociological approaches represents a necessary step
toward more robust and comprehensive evaluation
of cultural ecosystem services. From a practical per-
spective, the proposed indicator-transfer approach
offers a promising pathway for embedding ecosystem
service considerations into existing hydromorpholog-
ical monitoring frameworks and river basin planning
processes. This is particularly relevant in the context
of European water management policies, where there
is increasing emphasis on multifunctionality, nature-
based solutions, and sustainable management.
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